INTRODUCTION
Indoor .ir pollution such .s radio.ctiv. r.don gas fro. the soil or organic co.pounds fro. building .. t.ri.l., h.s r.cently b.co •• a n.w driving forc. for .ffort. to i.prov. the v.ntilation of r.sid.ntial bUildings. Also, the popul.r .n.rgy cons.rv.tion Each .echanical ventilation str.tegy is compared to natural ventilation.
SIMULATEP SYSTEM
TRNSYS ("Transient System Simulation Program,,)3 is a commercially available program for simulating the energy performance of buildings. The program includes a central differential-equation processor but is otherwise modular in structure; modules representing physical components, e. g. the heat pump, are interconnec ted to make up a building system much as they are in an actual building.
The primary modules employed in this study include: 1) a building module,
2) an exhaust-air heat-pump module, 3) a fan-coil module, 4) an air-to-air heat exchanger module, 5) . thermostatic control modules for indoor-space and hot-water temperature, and 6) a weather data module. The building module is further divided into submodules representing the building envelope, an indoor space heater, an air conditioner, internal heat gains, an infiltration/ventilation model, and a domestic hot water heater.
Ihe building envelope specifications for the two houses used in this study are listed in Table 1 .
The KCS (Kodel Conservation Super insulated) house is identical to the STP (standard) house except for the following insulation characteristics: Ceiling R-38 vs. R-19 in the STP house, walls R-28 vs. R-II in the SID house, floor R-31 vs. R-13 in the STP house and triple-glazed windows vs. double-glazed windows in the STP house.
An important building envelope parameter not listed in Table I Thus, the effective leakage area combines into one parameter the true leakage area of the building ,and the effective friction factor of all flow paths. Peterminationof A by a fan pressurization technique' and prediction of IlP allow prediction of Q.
In the LBL infiltration model', IlP is correlated to indoor-outdoor temperature difference, wind speed, and a terrain/shielding factor. In the exhaust~air heat pump case, the infiltration and the exhaust are in series and therefore the total ventilation rate is given by I (Qiinfil tratipn + Qi el(haustf . In the pressure balanced case using the air-to-air heat exchanger, the mechanical and the infiltration component are in parallel and therefore add simply as (Qinfiltration + ~~at exchanger.)
For the simulations reported in this paper .. the effective leakage area is adjusted to achieve the desired total ventilation rate. (2) Ao is added to the "standard" effective leakage area, and the total area is then used in the LBL infiltration model. This window opening model is a gross simplification because the distributed leakage area of the infiltration model is quite different from the lumped leakage area of open windows. In addition, window opening behavior may differ substantially from that implied by Eq. (2). However, a detailed and accurate model of window opening is not required for this analysis.
Another effect related to the occupants in the building is the time dependence of appliance and hot water use. The appliances including lights have an average power input of 420Y, but the load is a strong function of the time of the day. The same is true for the sensible load from the four occupants themselves who are assumed to be away between 9:00 and 17:00. The assumed schedule of hot water usage is similar to the National Solar Data Network schedules that has flow rates constant over I-hour periods. Here however, higher flow rates and more intermittent flow (maximum flow rate of 8 l/min for 7.5 min starting at 8:00) are used. Both the water and the appliance use schedules are the same for every day of the year. The cold water is assumed to be at 10°C on January I, increase linearly to 20°C on July I, and decrease again to 10°C on December 31. Table 1 also gives detailed information of the assumed HVAC system for the houses. Performance data for the air conditioner is based on a Carrier product bulletin,7 while data for the heat pump is taken from a Flakt AB product bulletin which contained the only detailed performance curves that could be obtained. 8 The correlation for the heat pump coefficient of performance (COP) is redrawn in Fig. 2 for . easy reference. This figure shows the advantage of high COP at low
• "-.r _ condenser temperatures. As a consequence of the strong effect of condenser temperature, the degree of stratification in the hot water tank (Fig. 1) is an important performance parameter because without tank stratification the condenser water inlet temperature is equal to the fully-mixed water temperature in the tank, or typically 52-54°C. However, the water tank is assumed to be stratified in accordance with a seven-zone TRNSYS mode1 3 Such a model allows transient temperature differences up to 25° to develop between top and bottom.
With reference to Fig. 1, cool water from the lowest level in the tank is pumped to the heat-pump condenser where it is heated in accordance with the heat-pump performance data', and returned to tank zone 4 which is just below the auxiliary electric heating element. Conforming to this physical arrangement the heat-pump compressor on/off thermostat sensor is located in the bottom of the tank and the auxiliary heater on/off thermostat sensor is located in tank zone 3 near the top of the tank. The two thermostat setpoints are offset by 2°C (Table 2 ) so that the auxiliary heater comes on only when the zone-3 temperature is 2°C below the heat-pump setpoint temperature.
In the "Heat-pump with Fan Coil" case the water tank has a second water pump-around loop for the fan coil in addition to the heat-pump condenser loop (Fig. 1) . The fan-coil water is pumped from the top of the tank to the fan coil where it heats a forced str.eam of. indoor air (heat exchange effectiveness -65'), and returns to the bottom of the tank. The pump and the air fan are controlled by the master spaceheating thermostat that also controls the auxiliary electric space heater and the air conditioner. The fan coil control also includes a low-water temperature override that prevents the fan coil from running when the auxiliary water heater is on because the objective is to use only excess heat-pump capacity for space heating.
The master space thermostat setpoints for the fan-coil and for the electric heater are offset by 0.7SoC (Table 1 ) in order to use the fan coil fully before resistance heating comes on. The third setpoint in the master thermostat is 2S.75°C for air conditioning with a deadband of 0.75°C, l.e., air conditioning is always on above 25.75°C, ·always off under 25°C, and on or off in between depending on the state before entering the deadband region (hysteresis). It should be noted that all heater deadbands referred to in Table 1 are above the given setpoints in contrast to the deadband for the air conditioner. It should also be noted that the heating setpoints for the two stages of heating (fan coil and electric resistance) are set back SoC at night (23:00 -7:00).
Space and water heating thermostat settings are adjusted for the comparison cases HP (no fan coil), HX and NV so as to keep the space and the hot water at the same temperatures.
In the HP case, for example, the setpoint for the electric space heater is raised to 21°C in order to keep the space heated to the same temperature as in the HP+FC case.
The HX case also requires special modeling of· the necessary defrosting of the heat transfer surface. It is assumed that for 20' of the time when outdoor temperatures are below -SoC, the heat exchanger is in defrost mode which is simply modeled as zero heat exchanger efficiency. In contrast, the HP cases do not involve any defrosting since the outlet air temperature is typically 5°C. ''"' For accurate simulation of thermostat on/off times, a time step of 7.5 minutes is used in all' TRNSYS simulations.
However, typical meteorological year (TKY) 8 weather data for solar radiation, outdoor temperature, humidity and wind speed are used in I-hour increments throughout .the ,year.
Despite the relatively long time step, calculated results for the instantaneous ventilation rate and power usage are considered to be of adequate accuracy. Integrated results for the entire I-year simulation are believed to be particularly accurate.
In contrast, an accurate measure of peak power demand during the day is more difficult to obtain from the simulations partially due to the time step used, and partially due to the fact that some HVAC equipment used can be considered over-rated.
VENTILATION RESULTS
Typical ventilation results from a naturally ventilated house are shown in Fig The yearly mean and median ventilation rate are both approximately 0.45 ach (air changes per hour). However, the more important result is the wide distribution of ventilation rates; they range from a mere 0.1 ach to 1.5 ach.
A useful parameter for the front end of the distribution is total time in a year with ventilation rates under 0.25 ach. This parameter is about 600 hours for the distribution in Fig. 3 . This is clearly undesirable because the recommended minimum ventilation rate is considered to be in the range of 0.35 -0.5 ach
When the window. opening strategy is incorporated into the model according to Eq. (2), the distribution of ventilation rates shown in Fig. 4 is obtained. Here, the median rate is unaltered at 0.45 ach while the mean increases to 0.78 ach. Interestingly, the front end of the distribution is 'almost unchanged; the total time with ventilation rates under 0.25 ach is 530 hrs. an insignificant improvement over the case with closed windows. Table'2 shows that the window opening strategy fails to substantially reduce the amount of time with low ventilation in all climates: the Memphis houses. for example. have a ventilation rate less than 0.25 ach for approximately five weeks of the year. The main reason for the low ventilation rates is periods of warm weather with no wind,when winQows are closed according to Eq. (2) (and air conditioning is on). and when the natural infiltration rate is low.
A more effective window opening strategy might reduce the periods of low ventilation rates. but less house "tightening" (a higher yearround leakage area) is a more common solution in the natural ventilation cases. The effect of an increased effective leakage area on the ventilation rate distributions is to shift the entire distribution toward higher ventilation rates. The right-hand side of Table 2 shows results from houses with roughly 50% greater effective leakage areas yielding yearly median ventilation rates of approximately 0.7 ach (~ ventilation rate for the houses with 4-window opening -1.2 ach for the full year, and -0.75 ach for the winter months). The results of Table 2 show that in Portland and Minneapolis there is a factor of 5-10 reduction in time with a ventilation rate less than 0.25 ach. In Memphis however, the time with a low ventilation rate decreases by only a factor of 2 to about 2 weeks of the year.
In contrast to the broad distribution obtained with natural ventilation, Figure 5 shows the sharp distributions of ventilation rates that are obtained through mechanical ventilation. Figure  5 /upper portion shows the result for the exhaust-air heat pump (HP and HP+FC). Here, the whole distribution is closely centered around the mean of 0.5 ach, and the ventilation rate never drops below 0.45 ach as long as the exhaust fan is on (in Fig. 5 the exhaust fan is on all year). Figure 5 /lower portion shows the ventilation rate distribution that is obtained with the balanced air-to-air heat exchanger (HX case). This distribution is in essence the same as the one obtained with the exhaust-air heat pump.
However, with the same assumed air flow rate through the heat pump and the heat exchanfer (125 m 3 /hr) , the HX house has a lower effective leakage area (0.01 m) than the HP house (0.025 m 2 ) for the same total ventilation rate. The reason for this is the interaction between the mechanically induced ventilation and the natural ventilation discussed above (HP in series with natural ventilation, HX in parallel).
The exhaust-air ventilation strategy utilized by the heat pump does not involve supply and exhaust air balancing as does the HX ventilation strategy; rather, depressurization of the house induces flow through the natural leakage area, or through supply vents installed specifically for this purpose.
The exact amount of depressurization is strongly dependent on the leakage area (inversely proportional to the square of the area, and directly proportional to the square of the exhaust flow rate). For the houses considered in this work with an effective leakage area of 0.025 m 2 (no supply vents) and an exhaust-air flow rate of 125 m 3 /hr, the depressurization is 1.2 Pat Such a depressurization may be of significance in increasing soil gas entry rates in houses with basements. Soil gas is the dominant source of indoor radon in the U. S. 12, 13 and consequently, exhaust-air heat pumps may have a negative effect with respect to the rate of radon entry into buildings. This aspect is not discussed further in the present paper but is currently the subject of study at the Lawrence Berkeley Laboratory. Figure 5 shows that both the exhaust-air heat pump and the air-to-air heat exchanger provide essentially a constant ventilation rate throughout the year. The present work does not address the issue of spatial d,istribution of ventilation rate which, can be referred to as "local ventilation efficiency". Typically, the exhaust air is drawn from only a few locations in the house such as the bathrooms and the kitchen. This, no doubt, is advantageous for removal of water vapor from bathrooms and cooking-generated pollutants form the kitchen, but a question is: How well ventilated is a side bedroom with closed door? To answer questions of this nature further 'experimental studies involving tracer gases will be required. 
ENERGY RESULTS
For the energy and economics sections of this paper only the 0.7 ach natural ventilation (NV) case is considered. The reason for this approach is two-fold:
(1) there is evidence that typical naturally ventilated houses have roughly this ventilation rate 14 and (2) house tightening down. to O. 5-ach level is not recommended for natural ventilation because of the resulting low ventilation during certain times of the year. It should be noted that, in this context, "house tightening" is not considered a retrofit but rather, a new construction practice.
In contrast, the mechanically ventilated houses that do not suffer from extremely low-ventilation rates can advantageously be built to tighter "leakage standards". For comparison to the 0.7-ach NV houses, a ventilation rate of 0.5 ach is selected in the mechanically ventilated houses; such a ventilation rate is a typical goal or "target value· in energy-efficient, mechanically-ventilated residences. A consequence of lowering the average ventilation rate from 0.7 ach for the NV houses to 0.5 ach for the HP, HP+FC and HX houses is implicit energy savings for the mechanically ventilated cases. These yearly energy savings are approximately 1,700 kwh in Portland, 2,700 kwh in Kinneapolis and 1,000 kwh in Kemphis. The window-opening strategy is used only for the NV houses, where it lowers the air-conditioning power requirement by 100 -300 kilowatt hours.
All energy results are summarized in Fig. 6 . An immediate observation is the significant energy savings in space heating that is realized when going from the STD (standard) house to the KCS (model conservation superinsulated) house. However, the objective here is not to investigate the effects of insulation, but rather to compare the exhaust-air heat pump houses to both the naturally ventilated house and the house with the air-to-air heat exchanger~ The main result of this comparison is that the mechanical ventilation strategies save energy over the natural ventilation case in the following order: Heat Exchanger < Heat Pump < Heat Pump with Fan Coil regardless of climate and house type. However, the amount of energy saved is dependent on climate (and somewhat on house type): For the Portland SID house, .the heat exchanger saves 3,100 kwh over the NV case, the heat pump 4,200 kwh and the heat pump with fan coil 5,400 kwh, also relative to the NV case. The energy savings obtained with the heat pumps in the other houses are listed in Table 3 for easy reference. A first observation (Table 3) is that less energy is saved for the KCS house than for the STD house particularly in the HP+FC case. A second observation (Fig. 6) is that the major part of the saved energy, even in the fan-coil case is power saved for. electric water heating. Third, in the HP+FC cases significant electric space heating demands remain in all climates. This raises the question of increased heat-pump capacity but a discussion of this and other sensitivity issues are deferred to a subsequent section. Besides reduced power demand for water heating, the heat pump cases benefit from the previously discussed reduced average ventilation (1,700 kwh in Portland, 2,700 kwh in Minneapolis and 1,000 kwh in Memphis). 
to the naturally ventilated house. This is because the mechanical ventilation strategies provide ventilation in hot weather when the naturally ventilated case shows a very low infiltration rate.
In addition, the heat pump increases the air conditioning load because the convective heat loss from the heat pump compressor is assumed to enter the living space. The conclusion is that heat pumps, and the type of heat exchangers considered here, are not well suited for hot and humid climates in the sense that energy savings are low.
Heat pumps with reversed air flow direction in summer would probably do better.
Such heat pumps would provide cooling in summer, but would also require more elaborate ductwork since the cool air would have to be supplied to living spaces other than the bathrooms and the kitchen. Reversible flow is not included in the present study but is included in another investigation. 4 
ECONOMIC RESULTS
For a technology assessment. economic aspects are as important as the technical aspects such as the predicted energy savings of the previous section. The task in this section is to combine information on energy savings with cost information.
The input assumptions for the cost analysis are given in Table 4 representing the best judgment of the authors. Installed cost can be expected to vary from city to city in the U.S .
• but the quoted figures are considered good estimates for the three cities of this study. The only publicly available document used for some of the cost data is a survey of 366 houses in the Pacific Northwest. IS However. manufacturers, builders and retailers were consulted in order to . develop realistic cost estimates. The installed cost of the heat pump .
of $1.300 (Table 4) is equal to the purchase price. plus the cost of the installation of the ductwork. minus the cost of a conventional hot. water tank. Similarly. the installed cost of the heat exchanger is $1,040. The cost of constructing a more air-tight house. as required for the mechanical ventilation options. is estimated to be $540. A complete replacement of the heat pump is assumed at the end of 10 years because the service life of a heat pump is expected to be similar to the service life of a standard water heater. which is approximately 10 years. The only other maintenance cost assumed is the cost for parts and labor to rap lace the fans every five years (HP+FC, HP and HX).
The first economic parameter is the cost of conserved energy CCE that is of interest to energy conservationists in general, and is defined as follows:
where: The CCE parameter is an amortization of total cost of the heat-pump project according to a constant discount rate d over the planning horizon N, expressed per saved kilowatt hour. Present and predicted future electricity costs can be compared to the CCE for judging the economic merit of the heat pump.
A second economic parameter that is of more importance to the homeowner considering buying a heat pump is the net present benefit NPB defined as:
where:
net present benefit, $ $ savings in electricity f~r year 1 based on total electricity usage of mechanically ventilated house and current electricity price schedule real escalation rate for electricity in year k relative to previous year
With the present world situation of uncertain oil prices, prediction of future electricity prices is very difficult; here, ft is assumed to be zero for the entire time horizon, i.e. the escalation rate for electricity prices is assumed to equal the rate of inflation. This assumption is based on consultation with utilities and other organizations that forecast future electricity prices. 
I
~ ""1.,..,; Figure 7 shows the cost of conserved energy (CCE) for both houses in all three cities. The results for the MCS house are somewhat higher due to the somewhat smaller energy savings in the denominator of Eq.
. Although the CCE is best compared to the marginal cost of electricity, or the so-called avoided cost, it is here simply compared to current residential electricity costs (rates above baseline limit): 4.B4/kwh in Portland, S.74/kwh (4.44/kwh winter time) in Minneapolis and S.24/kwh in Memphis. With this comparison all three ventilation strategies have poor economic potential in Memphis, good potential in Minneapolis, and are economically neutral in Portland. It is interesting to note that addition of the fan coil does not appreciably affect the economics. This implies that the added energy savings from the fan coil roughly balances the added costs. A second observation is that the heat exchanger is very attractive in Minneapolis implying that heat exchangers that are significantly cheaper in initial and replacement cost than heat pumps, do well in cold climates where the temperature driving force is large during a large portion of the year. Figure 8 compares the net present benefit that a homeowner is predicted to realize with the three ventilation strategies (all referenced to the 0.7 ach NV case). The benefit is seen to turn to a significant net cost in both houses in Memphis, a small net cost in the Portland MCS house, and essentially zero benefit in the Portland STD house. A significant benefit is realized only in Minneapolis; both houses benefit from the heat exchanger, but only the STD house benefits significantly from a heat pump-based strategy (particularly with fan coil). From the homeowner's point of view therefore, the heat pump at present is economically attractive only in a house with "standard" insulation (not superinsulated) located in the northern part of the U.S. However,. it must here be emphasized that the net present benefit is very sensitive to the assumed elect_ric rate escalation factor (assumed zero in Fig. 8 results) . The results are also sensitive to the price of the heat pump.
HEAT PUMP PARAMETRIC EFFECTS
The reason for including a section on heat-pump parametric effects is to ascertain that this assessment is not overly sensitive to the assumptions made regarding the heat-pump/water tank system. The results presented in this paper ~ sensitive to the control set points for water and space heating. However set points given in Table  1 and discussed in a previous section were the result of extensive testing, and are considered near optimal. Table 5 shows key results from simulation runs for the Portland STD house provided with modified heat-pump/water tank systems. In addition, the first two rows refer to the ·standard" HP and HP+FC cases, and are included for reference purposes.
Some interesting observations can be made regarding the heat-pump on times in the reference cases. Addition of the fan coil (and the building space as a second heat sink) allows the heat-pump compressor to be on 69% of ,the year as compared to only 55% for the case with no fan coil. The corresponding on times for the winter months (December through February) are 59% for the HP case and 87% for the HP+FC. This last. figure is interesting because significant electric space heating is used in winter although for 13% of the time no energy is recovered from the exhaust air stream.
The cause of this imbalance is the dynamics of the system: both the fan coil and the water tank would have to be several times larger incapacity in order to recover energy from the exhaust air 100% of the time. Such a system would be an overdesign for the rest of the year when the extractable energy in the exhaust air (assuming constant exhaust-air rate) exceeds the energy required for water heating. Table 5 refers to a case where the heat-pump rating has been doubled to 800W implying a doubling of compressor power, water and air flow rates through the fan coil, but no charige in ventilation rate (0.5 ach) and no change in COP. The assumption of a constant COP with HP capacity is somewhat unrealistic because COP generally drops withtemperature in the evaporator.
Row 3 of
Another consequence of reduced evaporator outlet air temperature is a buildup of frost; this would require occasional defrosting which would lead to a somewhat lower efficiency. Despite the somewhat favorable assumptions made for the 800-Watt heat pump, it is clear from Table 5 that significant energy savings can be accomplished by increasing the heat-pump rating. Even an increase of heat pump rating without increasing the fan-coil rating has a significant positive effect on the energy balance (10,170 kwh total water and space heating power usage).
Assuming a fully mixed hot water tank volume, i.e. no stratification, is seen to have a negative effect on the energy balance (Row 4 of Table 5 ) although not as strong as might be expected from the steep COP curves in Fig. 1 . It is not known whether the effect indeed is only 1,000 kwh, or if the TRNSYS model of a stratified tank 3 that neglects both buoyancy effects and the momentum of the feed water is inaccurate.
The model does predict relatively large temperature differences (IS-25°C) between top and bottom, but they dissipate ,quite quickly when hot water is demanded. Accurate information on this issue must come from future experiments. Figure 9 shows the effect of ' hot water usage on the energy savings of the three mechanical ventilation cases as compared with the natural ventilation case. The heat pump without fan coil is seen to be very sensitive to water usage; the energy savings would, in fact, go to zero at zero water usage if it were not for the different average ventilation rates. (The heat pump at zero water usage "degenerates" into a simple exhaust-ventilation case with no energy recovery. Such a case can be implemented simply by installing an exhaust fan with ductwork, and tightening the house). The heat pump with fan coil is much less sensitive, although low water demands are clearly unfavorable. The economics of the HP + FC option would suffer from a reduced water demand, particularly when the heat pump is sized for the higher water demand.
Increased water usage, on the other hand is favorable until the capacity limit for heat transfer from the exhaustair stream is approached. This limit is determined by heat pump size and exhaust-air flow rate. Also, the attractiveness of the fan coil is reduced as water usage is increased because the primary tap water heat sink alone can balance the heat source. For comparison purposes, the heat exchanger case is included in Fig. 9 : It is, of course, unaffected by water usage.
In contrast .to the relatively strong effect of hot water usage, Table  5 shows that changing the hot water delivery schedule from the assumed schedule with a maximum flow rate of 8 l/min to the "standard" NSDN schedules with a maximum flow rate of 2 l/min has an insignificant effect on the energy balance. Also, a smaller hot water tank volume (half the "standard" 300 liter volume) has little effect on the energy balance.
When the tank is made even smaller (100 liters) the delivered water temperature begins to falloff significantly during certain times of the day.
CONCLUSIONS
The previous section on heat-pump parameter effects demonstrate that further optimization of the exhaust-air heat pump system can probably yield better performance than the "average" type of performance that was obtained from applying the same heat pump to the two houses in three different climates. Heat pump rating relative to water demand for example, is a critical parameter which can be optimized for each application. However, for any meaningful optimization, more detailed operating data would be required for the heat pump/water tank system. Such data will be collected in a complementary experimental program on exhaust-air heat pumps now underway at the' Lawrence Berkeley Laboratory.
From the computational assessment of exhaust-air heat pumps several important conclusions can be drawn. From an energy conservation point of view, exhaust-air heat pumps offer controlled ventilation with heat recovery from the exhaust-air stream. The basic heat pump (Without fan coil) saves approximately 3000 kwh in Memphis, 4000 kwh in Portland, and 5000 kwh in Minneapolis, as compared to naturally ventilated houses with a 40, higher average ventilation rate for indoor air quality purposes. A fan coil that transfers 80me of the energy stored in the hot water to the building space is a good idea from an energy conservation point of view; it saves approximately 1000 kwh in both Memphis and Portland, and 1300 -2000 kwh in Minneapolis (higher saving for STD house, lower for MCS house) over the basic heatpump case. However, the marginal cost of conserved energy for the fan coil is approximately the same as the cost of conserved energy for the basic heat pump.
The cost of conserved energy when comparing a heat-pump house (both with and without fan coil) to a standard naturally ventilated house is about 44/kwh in Minneapolis, Set/kwh in Portland, and 7et/kwh in Memphis. Hence, the potential of exhaust-air heat pumps is greatest in cold and moderate climates.
For hot and humid climates like Memphis, the simple exhaust-air heat pump that provides only water heating (and space heating through the fan coil) is less attractive from an energy-conservation economy point of view. In hot climates, a heat pump with reversible airflow to provide cooling in swiuner.should prove more economical.
The main result from the comparison of the air-to-air heat exchanger to the exhaust-air heat pump is that the heat exchanger is even more climate sensitive than the heat pump; it is more economical than the heat pump in cold climates, about the same in moderate climates, and less economical than the heat pump in hot climates.
From the homeowner's point of view, exhaust air heat pumps are economically attractive only in cold climates. Even in the moderate climate of Portland, a small net present loss is more likely than a net present benefit. However, these predictions are made assuming a zero real electric rate escalation for the next twenty years. Even a small escalation in electric rates would make an investment in a heatpump system economically attractive in moderate climates.
For the homeowner however, the constant ventilation rate provided by the exhaust-air heat pump may be more important than a small net loss or net benefit in economy. As compared to natural ventilation houses where ventilation rates sometimes drop to very low levels, the house with an exhaust-air heat pump has essentially a constant ventilation rate throughout the year. This is definitely an advantage when considering indoor air pollution except for the possibility ofincreased radon entry rates that was discussed in a previous section. The indoor air quality aspects of mechanical ventilation including the spatial distribution of ventilation rate within the house will be addressed in future work. c. Yearly Energy Use. STD Standard House defined in Table 1  MCS Model Conservation Super insulated House defined in Table 1 . Table 1  MCS -Model Conservation Superinsulated House defined in Table 1 . HX -Air-to-Air Heat Exchanger (0. • 1j
